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Modern, noninvasive peripheral arterial evaluation
in the vascular laboratory combines physiologic mea-
surements and duplex ultrasound imaging.1 Blood
flow and pressure observations have been the founda-
tion of physiologic assessment.1-7 Analysis of flow
velocity waveforms and measurements of systolic
blood pressure at various levels of the extremity are the
traditional components of a basic protocol. Estimation
of disease location and severity, follow-up of disease
progression, and quantification of effects of therapy
are the main objectives of such physiologic assessment.
As ultrasound duplex imaging evolved,8-11 improved,
direct, noninvasive visualization of arterial segments
may have rendered the indirect, segmental pressure
measurement method obsolete for the purpose of
disease localization.12 The issue of segmental pres-
sure use, however, remains controversial.13 In con-
trast, flow velocity measurement and flow waveform
analysis have remained an integral part of a duplex
ultrasound examination.
As the cost effectiveness of all medical proce-
dures becomes more intensely scrutinized and reim-
bursement is reduced, vascular laboratory protocols
should optimize useful medical information at the
lowest possible cost. Segmental pressures are com-
monly used, but their utility has rarely been studied.
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Purpose: Physiologic observations with blood flow waveform analysis and pressure mea-
surements can document the severity of lower extremity arterial disease. Segmental
blood pressures (SEGPs) taken at the thigh, calf, and ankle are commonly used, but
their utility has seldom been studied. We quantified improvements in accuracy compared
with arteriography when ankle pressures alone (ABI) or SEGP data were added to veloc-
ity waveforms obtained by Doppler ultrasound.
Methods: Continuous-wave Doppler velocity waveforms were recorded at common
femoral (CFA), popliteal (POP), and dorsal pedal and posterior tibial (TIB) arterial lev-
els. Systolic SEGP data were obtained with appropriately sized upper thigh, upper calf,
and ankle cuffs. Waveforms, waveforms plus ABI, and waveforms plus SEGP data from
81 patients were randomly interpreted by 14 technologists or physicians from four insti-
tutions blinded to clinical and arteriographic data. Arteriograms were assigned negative
or significant, severe ( ‡ 75% diameter stenosis) values for four segments: iliofemoral
(CFA), superficial femoral (SFA), popliteal (POP), and infrapopliteal (TIB) arteries. A
total of 9072 segmental interpretations were analyzed.
Results: Compared with arteriography, the accuracy of waveform analysis was 83% for
severe disease at and proximal to the CFA, 79% for SFA disease, 64% for POP disease,
and 73% for TIB disease. Adding ABI improved the accuracy significantly (p < 0.01) to
88% (CFA), 86% (SFA), 70% (POP), and 85% (TIB). Accuracy was inferior when SEGP
data replaced ABI: 86% (CFA), 85% (SFA), 70% (POP), and 80% (TIB).
Conclusions: ABIs significantly improved Doppler waveform accuracy at all levels. Com-
pared with ABI, the addition of segmental pressure to waveform data failed to improve
accuracy. Pressure measurements above the ankle may lack cost effectiveness and clinical
utility. (J Vasc Surg 1998;27:831-9.)
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The rationale for this study is based on the fol-
lowing assumptions: ultrasound may be able to
replace diagnostic arteriography in selected cases;14,15
in skilled hands, femoropopliteal ultrasound imaging
can be performed faster and with less patient discom-
fort than segmental pressure measurements; Doppler
waveform analysis is an integral component of the
duplex ultrasound examination, just as significant as
color flow, B-mode imaging, and velocity measure-
ments; and continuous-wave Doppler waveform
analysis provides basic information similar to that
obtained with the duplex Doppler technology regard-
ing occlusive disease proximal to the site of observa-
tion. We therefore tested the null hypothesis that
interpretation accuracy of physiologic noninvasive
assessment, compared with arteriography, is
unchanged when ankle pressure alone or segmental
pressure data were added to the velocity waveform
information obtained with continuous-wave Doppler.
For this purpose, we designed a randomized, multi-
center, blinded-interpretation study.
METHODS
Patient population. Patients were randomly
selected among those having standard segmental
pressure and waveform examinations (n = 826) and
arteriograms between January 20, 1994, and Janu-
ary 19, 1996. Alphabetical order determined ran-
domization. Patients with incomplete readings of
the arteriograms and those for whom the noninva-
sive and the arteriographic examination dates were
more than 2 months apart were excluded from this
study. A total of 81 patients were entered: 41
women (51%) and 40 men (49%). The number 81
was selected arbitrarily to strike a balance between
the quantity of examinations entered in the study
and a manageable number of examinations for vol-
untary interpretation. The average age was 71 years
(range, 40 to 94 years). At the time of the noninva-
sive test, 31 patients (38%) were nonsmokers, 22
(27%) were actively smoking, and 28 (35%) had
smoked cigarettes in the past. A history of hyperten-
sion was given by 52 patients (64%). There were 40
diabetic patients (49%), and 39 patients (48%) had
positive cardiac histories. Indications commonly
accepted for Medicare reimbursement were docu-
mented for all noninvasive studies (Table I). A stan-
dard exam consent form was signed by the patient or
legal representative before vascular laboratory and
arteriographic exams.
Interpreting panel. Data sets were mailed to 15
physicians and 30 technologists who were inter-
viewed by phone and showed interest in the project.
Of these, 19 were able to complete at least one full
data set. A total of 14 participants from four institu-
tions completed the reading of all three data sets: one
vascular surgeon, one radiologist (also a registered
vascular technologist [RVT]), a biomedical engineer
(PhD, RVT), and 11 vascular technologists. Experi-
ence with noninvasive vascular testing averaged 11
years (range, 1 to 22 years). Participants used their
own criteria for interpreting segmental pressures and
flow waveform data. There were no instructions, for
example, to compare pressures measured at one site
with those for levels above or below or with pressures
of the contralateral extremity. There were no instruc-
tions about how to interpret triphasic, biphasic,
monophasic, or flat waveforms. There were no
instructions regarding which ankle-brachial indices
(ABIs), posterior tibial or anterior tibial, should be
used in the interpretation of results. Individual inter-
preters’ criteria were also used to identify total or par-
tial arterial incompressibility and medial calcification.
Interpreters were assumed to be experienced and
able to apply that experience to data obtained during
an Intersocietal Commission for Accreditation of
Vascular Laboratories certified vascular laboratory
activity.
Noninvasive physiologic examination. All tests
were performed by experienced technologists with
the patient supine after a period of rest, history tak-
ing, and a brief physical examination. A continuous-
wave ultrasound transducer (Parks model 1052,
Beaverton, Ore.) was employed to obtain velocity
waveforms at the common femoral (CFA), popliteal
(POP), and posterior tibial and dorsal pedal (TIB)
arteries. The CFA waveform was obtained at the
groin crease, the POP waveform at the mid-position
crease of the popliteal fossa, the posterior tibial
waveform at the level of the medial malleolus, and
the dorsal pedal waveform was obtained at mid-foot.
Arm, upper calf, and ankle systolic pressures were
measured with a 12 cm cuff. Ankle pressures were
measured independently with the Doppler transduc-
er aimed at the distal posterior tibial and dorsal pedal
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Table I. Noninvasive lower extremity arterial eval-
uation indications
Condition Patients
Gangrene 7 (9%) 
Ischemic ulcer 22 (27%)
Rest pain 23 (28%)
Embolization (blue toe) 3 (4%)
Claudication 26 (32%)
arteries. ABIs were calculated separately for the pos-
terior tibial and dorsal pedal (anterior tibial) arteries
with the assistance of the calculator of an automated
cuff inflator (Parks model 1105, Beaverton, Ore.). A
tapered 24 cm cuff (Hokanson, Inc.,  Bellevue,
Wash.) was employed for thigh pressure measure-
ments. Placement of this cuff was optimized for
patient comfort as far proximally on the thigh as pos-
sible. A single thigh pressure value was obtained.
Auscultation of the distal arterial signal was per-
formed primarily at the loudest tibial artery with arbi-
trary selection of the popliteal artery in cases of sus-
pected slow flow. Recording of duplicate pressure
measurements at any level was not part of the proto-
col. Technologists performed multiple measurements
at one site when necessary to cope with patient
movement, changes in systemic pressure when
patients were startled by cuff inflation, inflation or
deflation pressure rates, slow flow pulse transmission
rates, or other potential causes for measurement
error. Unless systolic arm pressures were close to 200
mm Hg, cuff inflation was stopped at 250 mm Hg,
even in the presence of a distal arterial signal.
Data sets. Fig. 1 exemplifies the data sets given
to the interpreting participants. This figure includes
the complete set of waveforms at the common
femoral, popliteal, posterior tibial, and dorsal pedal
arteries and arm, thigh, upper calf, and ankle pres-
sures with respective ABIs measured at the posterior
tibial and dorsal pedal (anterior tibial) arteries (dor-
sal pedal insonation). In addition to this complete
set, interpreters received a similar set with wave-
forms only and another set with ankle pressure infor-
mation only.
All participants received the following information:
The purpose of this study is to compare inter-
pretations/conclusions of lower extremity arterial
physiologic examinations using three data sets:
waveforms plus segmental pressures/ABI data;
waveforms plus ankle pressures/ABI data; and wave-
form data only.
Vascular laboratory reading physicians (MD) and
vascular technologists will be requested to interpret
a total of 81 examinations, three times. These inter-
pretations will be compared with the arteriogram
results.
You are asked to interpret disease location and
disease severity from segmental pressure, ABI,
and/or waveform data. Location is defined as the
site of a significant, severe stenosis (‡ 75% diameter
reduction) or occlusion at the common femoral
artery or above, the superficial femoral artery, the
popliteal artery, or the tibial arteries or below.
Data sets were provided to interpreters sequen-
tially after completion of the prior data set. The
order of the three data sets and the order of cases in
each set were randomized.
Arteriography. The average time elapsed
between the noninvasive test and the arteriogram
was 13 days. There were 70 (86%) arteriograms per-
formed within 30 days from the vascular laboratory
examination, 77 (95%) within 40 days, and 81
(100%) within 50 days. All arteriograms had com-
plete information about the distal aorta and the
common and external iliac, common femoral, super-
ficial femoral, popliteal, and infrapopliteal arteries.
Severe stenosis was identified by radiologist inter-
pretation by calculation of a diameter reduction of at
least 75% or by description as “occluded” or
“severely stenosed.”
Statistics. With 81 patients and data from both
extremities interpreted by 14 participants, there were
2268 entries per arterial segment classified as true pos-
itive, true negative, false positive, and false negative.
Statistics for a total of 9072 segmental interpretations
were calculated. Accuracy, sensitivity, specificity, posi-
tive predictive values, and negative predictive values
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Fig. 1. Lower extremity arterial physiologic testing.
Blood flow velocity waveforms at the right and left com-
mon femoral, popliteal, posterior tibial, and dorsal pedal
arteries are shown from top to bottom. The highest right
or left arm pressure and right and left thigh, upper calf,
and ankle pressures are also presented from top to bottom
with ankle-brachial indices within parentheses.
were calculated for the four segments of the arterial
tree separately. To eliminate agreement by chance
between arteriography and noninvasive evaluation
because of the proportions of positive and negative
tests, kappa statistics were calculated. Accuracy differ-
ences among the three data sets, waveform alone,
waveform plus ankle pressures, and waveform plus seg-
mental pressures were compared using c 2.
RESULTS
The prevalence of occlusion or significant, severe
stenosis as detected arteriographically was 17% (27
of 162 legs) at and proximal to the common femoral
artery, 49% (80 of 162) at the superficial femoral
artery, 22% (35 of 162) at the popliteal artery, and
77% (125 of 162) at the infrapopliteal arteries.
There were 36 (11%) of 324 ankle pressures with
ABIs greater than 1.20; 32 of the 36 were obtained
in diabetic patients. Pressures were higher than 250
mm Hg and therefore not measured in one tibial
artery of seven patients, in both tibial arteries of
three extremities of different patients, and in all four
tibial vessels of one patient. Partial arterial incom-
pressibility could be suspected in the remaining
arteries. There were only three instances of unmea-
surable high thigh pressures.
Table II shows the number of true positive, true
negative, false positive, and false negative interpreta-
tions per arterial segment and data set. Kappa statis-
tics are also included in Table II. Table III shows the
accuracy, sensitivity, specificity, positive predictive
values, and negative predictive values obtained.
Based on all 2268 impressions per segment, the
accuracy of waveforms plus ankle pressure interpre-
tation was higher than the accuracy of interpreting
waveforms alone; the difference was statistically sig-
nificant at all levels (p < 0.001). On the basis of an
average value of 14 interpretations for the 162 legs,
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Table II. Lower extremity arterial occlusive disease: comparison of physiologic assessment and arteriography
Location* Assessment† True Negative True Positive False Positive False Negative Kappa
CFA Waveforms 1552 (68%) 324 (14%) 338 (15%) 54 (2%) 0.52
plus ABI 1665 (73%) 328 (15%) 225 (10%) 50 (2%) 0.63
plus SEGP 1615 (71%) 335 (15%) 275 (12%) 43 (2%) 0.59
SFA Waveforms 934 (41%) 867 (38%) 214 (9%) 253 (11%) 0.59
plus ABI 974 (43%) 965 (43%) 174 (8%) 155 (7%) 0.71
plus SEGP 942 (42%) 975 (43%) 206 (9%) 145 (6%) 0.69
POP Waveforms 1190 (53%) 250 (11%) 588 (26%) 240 (11%) 0.14
plus ABI 1243 (55%) 337 (15%) 535 (24%) 153 (7%) 0.30
plus SEGP 1304 (58%) 280 (12%) 474 (21%) 210 (9%) 0.26
TIB Waveforms 347 (15%) 1310 (58%) 171 (8%) 440 (19%) 0.35
plus ABI 356 (16%) 1576 (70%) 162 (7%) 174 (8%) 0.58
plus SEGP 339 (15%) 1484 (65%) 179 (8%) 266 (12%) 0.47
CFA, Common femoral artery; SFA, superficial femoral artery; POP, popliteal artery; TIB, infrapopliteal arteries; ABI, ankle systolic pres-
sure ratio (index) obtained at the posterior tibial and dorsal pedal (anterior tibial) arteries; SEGP, segmental pressures obtained at the
thigh, upper calf, and ankle.
*Location code: significant arterial stenosis (‡ 75% diameter reduction) at and proximal to the CFA, SFA, POP, and TIB arteries.
†Assessment code: waveforms obtained at the CFA, POP, distal posterior tibial, and dorsal pedal arteries.
Table III. Comparison of physiologic assessment
and arteriography for lower extremity arterial
occlusive disease
Assessment* CFA SFA POP TIB
Accuracy
Waveforms 83% 79% 64% 73%
plus ABI 88% 86% 70% 85%
plus SEGP 86% 85% 70% 80%
Sensitivity
Waveforms 86% 77% 51% 75%
plus ABI 87% 86% 69% 90%
plus SEGP 89% 87% 57% 85%
Specificity
Waveforms 82% 81% 67% 67%
plus ABI 88% 85% 70% 69%
plus SEGP 85% 82% 73% 65%
Positive predictive value
Waveforms 49% 80% 30% 89%
plus ABI 59% 85% 39% 91%
plus SEGP 55% 83% 37% 89%
Negative predictive value
Waveforms 97% 79% 83% 44%
plus ABI 97% 86% 89% 67%
plus SEGP 97% 97% 86% 56%
CFA, Common femoral artery; SFA, superficial femoral artery;
POP, popliteal artery; TIB, infrapopliteal arteries; ABI, ankle sys-
tolic pressure ratio (index) obtained at the posterior tibial and
dorsal pedal (anterior tibial) arteries; SEGP, segmental pressures
obtained at the thigh, upper calf, and ankle.
*Location code: significant arterial stenosis ( ‡ 75% diameter
reduction) at and proximal to the CFA, SFA, POP, and TIB arter-
ies. Assessment code: waveforms obtained at the CFA, POP, dis-
tal posterior tibial, and dorsal pedal arteries.
the difference in accuracy between interpreting
waveform plus ankle pressure and waveforms alone
was statistically significant at the tibial level (p =
0.010). At other levels, the p value was greater than
0.23. Compared with the addition of ankle pressures
to segmental waveforms, addition of thigh, calf, and
ankle pressures to the waveform data did not signif-
icantly affect interpretation of superficial femoral or
popliteal artery severe stenosis (p = 0.38 and p =
0.92, respectively). Accuracy in the interpretation of
severe tibial stenoses decreased significantly (p <
0.001). Thigh and calf pressures also negatively
affected the interpretation of severe inflow,
iliofemoral arterial occlusive disease (p = 0.064). 
Agreement between arteriographic and physio-
logic testing interpretation of severe stenosis, as
measured by kappa statistics, was improved by
adding ankle pressure information to waveform
data. Ankle pressure data improved kappa statistics
at the tibial level by 0.23 (from 0.35 to 0.58), at the
popliteal level by 0.16, at the superficial femoral by
0.12, and at the inflow level by 0.11 (Table II). In
contrast, interpreting thigh and upper calf pressures
decreased in kappa statistics by 0.02 to 0.05 when
compared with the interpretation of ankle pressure
plus waveform data.
DISCUSSION
Doppler waveform analysis of the common
femoral, popliteal, and distal tibial arteries predicted
iliofemoral, superficial femoral, and tibial arterial sig-
nificant, severe disease with an accuracy close to 80%
(range, 73% to 83%; Table III). The addition of
ankle pressure information improved accuracy 5% to
12%. This improvement was statistically significant.
The greatest improvement was in the interpretation
of tibial artery disease, primarily because of a
decrease in false-negative interpretations, with a
consequent increase in true-positive findings (Table
II). Although ankle pressures do not help in the
localization of disease, improved interpretation of
waveforms was apparent after becoming biased by
the knowledge of ankle pressures. One probable
explanation is that posterior tibial and dorsal pedal
waveforms were interpreted as not indicating severe
tibial disease. Perhaps more attention was given to
pulse amplitude rather than contour. After receiving
the abnormal ankle pressure data, these vessel seg-
ments were classified as more severely diseased. A
similar pattern was observed at the superficial
femoral artery. Apparently, reduced ankle pressures
forced a more critical evaluation of popliteal artery
waveforms. In contrast, combining ankle pressure
data with waveforms decreased false-positive inter-
pretations at the iliofemoral level (Table II). Normal
ankle pressures directed attention to common
femoral waveforms that were not clearly triphasic.
Kappa statistics, which take into consideration
agreement by chance, revealed that the greatest
agreement was obtained in assessing superficial
femoral artery disease, followed by the iliofemoral
segment, the tibial segment, and the popliteal artery.
A kappa of 0.71 obtained for the superficial femoral
waveform plus ABI analysis is comparable to kappa
values obtained in other studies of carotid artery
stenosis (0.71 to 0.74).16 Kappa statistics demon-
strated the advantages of performing ankle pressure
measurements and deterioration of interpretation
when thigh and upper calf pressures were used.
An important conclusion of this study was that
upper calf and thigh pressures did not improve the
accuracy of interpretations of the noninvasive exam-
inations analyzed. The approach taken was different
from a direct comparison of segmental pressures,
Doppler waveforms, and pulse-volume recording.17
We assumed that waveform analysis would continue
to be part of a duplex ultrasound evaluation and
asked two questions. Do ankle pressures provide
valuable information in addition to Doppler wave-
forms? Do upper calf and thigh pressures provide
valuable information in addition to ankle pressures
and Doppler waveforms? Correct identification of
inflow disease was not significantly improved by
availability of thigh pressure data. Thigh pressures
were affected by proximal superficial femoral artery
occlusion. Although upper calf pressure in conjunc-
tion with the popliteal artery Doppler waveform
could help detection of popliteal artery disease or
even tibioperoneal trunk stenosis in selected cases
(Fig. 2), the data obtained in this study demonstrat-
ed that segmental pressures confused rather than
clarified interpretation.
Several technical problems are associated with
segmental pressure measurements. The use of two
thigh cuffs is criticized because small cuffs must be
used. However, if cuff width is not larger than limb
diameter by 20%, pressure measurements are falsely
elevated.18 The use of very large cuffs may result in
underestimation of the actual blood pressure. Inter-
pretation is often based on differences between mea-
surements taken at the same level in both extremities
or on a significant decrease from one level to the
next level distally. The presence of bilateral, symmet-
ric arterial occlusive disease invalidates comparison
with the contralateral limb. There is evidence that
proximal superficial femoral artery occlusion
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decreases thigh blood pressure and may simulate
iliac-level occlusive disease.19 This finding has been
observed with the use of wide or narrow blood pres-
sure cuffs.
The patient population entered in this study had
a significant percentage of diabetes (49%) and a high
incidence of tibial arterial occlusive disease (77%),
raising the possibility of falsely elevated pressure
measurements caused by arterial wall calcification.
Poor negative predictive values for tibial disease
(<70%), in contrast to the excellent positive predic-
tive values (around 90%), may reflect the study pop-
ulation characteristics. Another inherent bias of the
study was that all patients had arteriograms and were
presumably candidates for bypass revascularization
in one of the extremities. We assume that interpreta-
tion of the noninvasive study may be significantly
affected by falsely elevated pressure measurements.
Mismatch between normal pressures and monopha-
sic waveforms, incompressible thigh arteries, signifi-
cant differences between posterior tibial and anteri-
or tibial pressures, or a severe pressure gradient
between the ankle and toe increase the suspicion
that characteristic diabetic vascular wall calcification
has occurred. Although this information was not
provided, the interpreters had enough experience to
judge pressure and waveform mismatches.
A significant percentage of patients with arterial
incompressibility could affect the analysis of this
study. Even with this particular group of patients,
the fundamental conclusion of the study was not
affected. Most cases with arterial incompressibility
were associated with ankle, not thigh, pressure mea-
surements, and an analysis without these cases would
continue to favor the use of ankle pressure. The
number of patients with suspected arterial incom-
pressibility in the thigh was too small to affect the
results of this study. The unknown prevalence of real
but unsuspected arterial incompressibility in the
thigh does not justify performance of thigh pressure
measurements.
In contrast to an excellent positive predictive
value and poor negative predictive value at the tib-
ial level, interpretation of inflow iliofemoral disease
had an excellent negative predictive value and poor
positive predictive value. Technical errors may affect
pressure measurements and Doppler waveforms,
but underestimation of disease by arteriography
cannot be excluded. Poor placement of the cuff dis-
tal to the common femoral artery bifurcation on a
large thigh may be the reason why, in certain
patients, proximal superficial femoral occlusion
resulted in a decreased thigh pressure. If the patient
has severe arterial disease throughout the entire
extremity, the cuff deflation rate commonly used
may not be slow enough to adjust for a delayed
pulse transmission to the site of pulse detection.
Detection of the Doppler signal at the popliteal
rather than ankle level could have minimized the
effects of delayed pulse transmission.20
Alterations in waveforms caused by previous aor-
toiliac revascularization (information not provided
to the participants), and significant venous flow
interference with the arterial signal are other factors
that might have affected common femoral artery
waveforms. Lack of elasticity, negative venous flow,
or venous reflux in a bypass graft can alter the con-
tour of blood velocity waveforms. Obtaining wave-
forms with a duplex scanner rather than with con-
tinuous-wave Doppler can clarify the origin of the
flow signal and may minimize waveform distortions.
Evaluation of common femoral waveforms after
peripheral vasodilatation may contribute to better
detection of iliac arterial occlusive disease.21 Other,
more elaborate analysis of aortic and common
femoral waveforms with calculation of parameters
such as pulsatility indices and damping or transfer
factors have been proposed.22-25
Sensitivity, specificity, and predictive values relat-
ed to the detection of significant superficial femoral
artery disease consistently averaged 85%. These
results, however, were not extended to detection of
popliteal artery stenosis. A weakness of this study
was the lack of differentiation between superficial
femoral and popliteal disease. This retrospective
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Fig. 2. The arteriogram shows severe stenosis of the right
popliteal artery and stenosis of the left tibioperoneal trunk
(arrows). Most interpreters considered the noninvasive
testing information contradictory or confusing in this case.
analysis did not include measurement of additional
waveforms at the midportion of the superficial
femoral artery. This additional waveform could
improve detection of proximal superficial femoral
disease but probably would not differentiate stenosis
or occlusion at the level of the adductor canal from
true popliteal level disease. An additional factor in
popliteal artery disease may be the level of waveform
detection. With the probe placed at the crease of the
popliteal fossa, a significant stenosis distal to this site
may be missed.
The results of this study are not significantly
inferior to the reported accuracy for popliteal artery
disease detection by duplex ultrasound imaging.8,9
Analysis of a popliteal stenosis primarily on the basis
of velocity measurements can be significantly affect-
ed, and interpretation criteria must take into con-
sideration the hemodynamic effects of a severe iliac
or femoral stenosis. However, femoropopliteal
revascularization without arteriography, primarily
on the basis of ultrasound data, has become a
noticeable trend.14,15 Such an approach tends to
include ultrasound B-mode and color flow images
in characterizing serial lesions. Color flow duplex
ultrasound has also been used to select patients for
percutaneous transluminal angioplasty or to limit
arteriography to the infrailiac arteries.26,27 Initially,
however, a simple and effective approach is to
employ ABIs along with clinical assessment. Physio-
logic assessment with segmental waveforms and
ABI could precede a more complete ultrasound
scan or arteriography and serve as the basis for
patient follow-up.
In summary, simple, noninvasive physiologic
assessment employing continuous-wave Doppler
ultrasound for extremity blood pressure measure-
ment and qualitative velocity waveform analysis pro-
vided accurate detection of superficial femoral artery
disease, an excellent positive predictive value of tib-
ial disease, and a high negative predictive value of
inflow iliofemoral arterial occlusive disease. In con-
trast, the negative predictive value of tibial disease
and the positive predictive value of inflow disease
were poor. In the latter case, lack of angiographic
sensitivity cannot be excluded. The addition of ankle
blood pressures to Doppler waveform pattern analy-
sis significantly improved detection of severe leg
arterial occlusive disease at all levels. Compared with
ankle pressures, however, addition of segmental
pressures to waveform data failed to improve disease
detection significantly. If segmental waveforms are
obtained, pressure measurements above the ankle
may lack cost effectiveness and clinical utility.
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Dr. William R. Flinn (Baltimore, Md.). In review of
this manuscript at least one interesting thing that was
noted was that 12 of the 14 interpretations in the study
were performed by vascular technologists. So, I guess we
all know who does all of the interpreting in our laborato-
ries these days.
It is a pleasure for me to discuss this paper, but at least
two other members of the society might be more appro-
priate discussants. One certainly would be Jim Yao at
Northwestern who taught us to say ankle brachial index
(ABI) before we said McBurney’s point or Cooper’s liga-
ment. A tribute to Jim is that the technique we perform
today is essentially the same as when he, Dave Sumner,
and Gene Strandness taught us the technique more than
20 years ago. The other would be Jon Towne or Vic Bern-
hart, who at one of the early meetings of the society pre-
sented a very elegant way of analyzing high-thigh and low-
thigh pressures to accurately detect inflow disease as
opposed to infrainguinal disease. Unfortunately, that tech-
nique was too complicated for me to remember back then,
but there is no chance of that happening right now.
It is important to remember that when those tech-
niques were developed, it was more critical to anatomical-
ly localize the disease process from the aortoiliac segment
to the infrainguinal and infrapopliteal segments. This
localization was for two pragmatic reasons. The first rea-
son was that then arteriography was not an inconsequen-
tial diagnostic procedure. One only has to look at some of
Dr. Thompson’s slides or remember when we were strap-
ping patients down to the table and blasting in contrast
through both groins to know this. The other reason is that
in those days our surgical options and certainly our over-
all therapeutic options were considerably limited com-
pared with the options today. So, this need for specific
anatomic localization provided with a noninvasive testing
was felt to be more compelling than it is today.
Now, I will ask the authors a few of questions about
this study. The first question concerns the waveforms
themselves and the old zero crossing technique for wave-
form recordings from the continuous wave Doppler ultra-
sound scan. This technique always has been recognized as
physiologically a crude way of processing the Doppler fre-
quency shift information. Even from the beginning, we
knew the technique was crude compared with online spec-
tral analysis. However, there were a couple of limitations
that were clearly recognized in their study. First, they
included some patients who had undergone surgical treat-
ment, and second, the waveform recordings in the area of
scar tissue have always been compromised. So, probably
this compromised their analysis of aortoiliac disease.
Also, we find today that it is quite challenging to get
our technologists to pay much attention to these wave-
form recordings in general. Because they spend 90% of
their day performing duplex scans, they find the recording
tiresome. I wonder if the authors think that this might
have contributed to the analysis as it stands.
In addition, you recommend that these thigh pressure
measurements are not useful and should not be a part of
our routine examination. Should they be discarded alto-
gether? In the past and probably even today, some of us
still use the low-thigh pressure for information about level
of amputation if nothing else. Where do the authors think
this should fit in a standard arterial examination today? We
recognize that our third-party pairs will want us to define
a standard examination.
Finally, I have a technical question about tibial disease,
particularly in the patients with diabetes who constituted
50% of this study and with particular reference to the issue
of falsely elevated ankle systolic pressures that have been
recognized in perpetuity in this business now. Initially,
waveform analysis was added to ABIs to answer this ques-
tion of the falsely elevated ankle pressure measurement in
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DISCUSSION
the patients with diabetes, reckoning that we would there-
fore eliminate the false negative of the ABI, which was
high, of course, in those patients. In the discussion section
of this manuscript, the authors indicated that the addition
of ABIs to waveforms actually increased their diagnostic
accuracy by reducing the number of false negatives. I was
confused by that statement because it is what I would have
considered a flip-flop issue. Perhaps the authors can
explain that to us.
I enjoyed this manuscript, and I certainly concur
largely with the author’s conclusions. However, perhaps
we should not “throw the baby out with the bath water.”
Dr. Steven S. Gale. Thank you. As to text and wave-
forms, I think you are right. We probably do not spend as
much time trying to get the perfect waveform as we
should. However, Jessie Thompson referred to Albert Ein-
stein who also once said to keep things as simple as possi-
ble but no simpler. We have tried to show here that even
though we may not have perfect waveforms, the waveform
quality was the same whether we used the segmental
Doppler or just the ankle pressures. We were trying to
make the point, keeping things as simple as possible, that
the data we generated did not suggest any advantage in our
practice to spending the extra time and discomfort in per-
forming the entire examination, the segmental examina-
tion. This also helps answer the second question, which
was whether we should still use thigh pressures.
Before I gave this talk, I went to the Doppler lab and
had the technicians perform one of the studies on myself.
I like to speak from experience, and I do not perform the
studies myself obviously. When the upper-calf and thigh
cuff was inflated, it was not comfortable. You might try it
yourself if you doubt me. The patients are not as aware as
we are, and I think that this may be something to consid-
er. It was an uncomfortable experience for me, and I am
sure it is more uncomfortable for people who are ill. At
the Jobst Center, if we are considering level of amputa-
tion, we quite often will obtain tissue oximetry through
the vascular lab, we will use clinical judgement in the oper-
ating room as far as the amount of bleeding we encounter
and the look of the tissue, and we will use the atraumatic
technique in closing the tissue.
Finally, I will address the question regarding adding
the ABI to the waveforms. The study was designed
because we felt that perhaps waveform information alone
might be sufficient in some instances to give us the infor-
mation that we need to judge the level of disease in the
legs. We feel that we are entering an era now where we will
be using waveforms with the duplex scanner, and we are
trying to get away from using the cuff method. I am not
comfortable commenting on the positive predicted values,
the negative predicted values, and much of the complex
statistical implications of this study, so I will not. Howev-
er, I do not like to dodge questions. So, with respect to
the reduced false negatives, we looked at this as if you had
a patient who has a monophasic but fairly good amplitude
waveform at the ankle, and you add to this a blood pres-
sure that may have been normal. We would be inclined to
call that not a significant stenosis. This may be confusing,
and I do not think I can do better in the time allowed. I
will take this question back to Toledo, and we will go over
the numbers with our statistician.
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